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WMMARY

Bending-momentdistributionsweremeasured.on a nmdelhelicopter
rotorbladeunderhoveringandsimulatedforwsrd-flightconditions.
Thehinged-bladeconfigurationwastestedup to anadvanceratio w
of0.50,whereasthefixed-at-rootconfigurationwasinvestigatedup to “
andincludingI.I= 0.90.

Curvesofmsximum-bending-momentdistributionsrepresentedforall
testconditions.Hszmonicbendingmomentshavebeenfoundasa result
of a harmonicanalysisofthedatafor v = 0.22and v = 0.47. Theo-
reticalcalculationshavebeencarriedoutatadvanceratiosof0.22
and0.47forthehinged-andfixed-at-root.conditionsjrespectively
andcomparisonsaremadebetweenexpei?imentalandtheoreticalresults.
Agreementbetweentheresultsisreasonableinviewoftheassumptions
madeinthetheoryandtheexperimentalerrorsinvolved. ‘

Resonancestudieshavelzeenmadeonthreesetsofbladesof differ-
entstiffnessesforthepurposeof comparingtheexperimentallydeter-
minedresonancepeakswiththoseindicatedby theory.

Aerodynamic-loadingexpressionssredevelopedforthefixed-at-root
bladewhichincludetheeffectof elasticflapping.Theseresultssre
usedintheGoodyesrmethodwhichismodifiedforthefixed-at-root
condition.

INTRODUCTION

Thepurposeof thepresentprogram,whichwasconductedatM.I.T.
underthesponsorshipandwiththefinancialassistanceoftheNational
AdvisoryCommitteeforAeronautics,wastoinvestigatethepossibility
ofmeasuringbendingmomentson a small-scalewind-tunnelmodelatadvance
ratiosup to v = 1.0.
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2 NACATN2626

Presenttheory
distributionswhich
aerodynamicloading

permitsthecalculationofbladebending-nmment
‘mecorrectonlytothedegreeofvalidityofthe
appliedto theblade..At thepresentstageof

developmentofrotoraerodynamictheorynomethodexistsfortheevalu-
ationoftheinducedflowthroughtherotorinforwardflight,andit
isthereforenecessaryto approximatetheaerodynamicloading.Conse-
quently,thebendingmomenttakeson a distributionandWLX- value
whichisknowntobe inerror.A reliablemethodofmessuringbending-
momentdistributionsona rotorbladebymeansofwind-tunneltestswith
small-scalemodelsoffersa possibilityof checkingpresenttheory,
determiningtheetientoftheerrorsinvolved,andestablishingthe
importanceofhigherharmonicbendingmomentsnotreadilysusceptible
to theoreticalanal~is. .

SinceoneoftheimportantWtations onmoregeneralhelicopter
utilityistherelativelylowmaximumspeedattainablewithflexible
flappingblades,itmaybe desirableto extendthehelicopterspeed
rangepossiblebyusingrigidnonflappingblades.Thisimmediately
imposesa structuralproblemsincethealternatingstressesareexpected
tobe high. Thisprogrsmhasthereforealsoincludedtestsbeyondthe
present-daynormaloperatingrangeforthepurposeofcontributingsome
informationtowardtheevaluationofthesestresses.

SYMBOLS

a

c

L

m,

r

R

UT

up

-v

.

slopeof liftcurve

blade-sectionchord,feet

rotorlift,pounds”

massofblade-perfootofradius,slugsperfoot

radialdistanceto,bladeelementyfeet

bladeradius,-feet

componentatbladeelementofresultantvelocityperpendicu-’
lartoblade-spanaxisandto sxisofno feathering,feet
persecond

componentatbladeelementofresultantvelocityperpendi~-
larbothtoblade-spansxisand UT,feetpersecond

inducedinflowvelocityatrotor,feetpersecond

“ 1
I

,, I
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NACATN2626 3

v trueairspeedofhelicopteralongflightpath,feetper
second

a rotorangleof
resrward

P bladeflapping

attack,positivewhenshaft

angleatparticularazimth

axisispointing

position
.e blade-sectionpitchangle

tip-sectionratio
( ‘)
vcog’

flR

P massdensityof air,.slugspercubicfoot

T aerodynamicloading,pounds,perfoot

$ bladeazimuthanglemeasuredfromdownwind
tionofrotation

?!. inflowratio

sl rotorangular

h-v)
velocity,radianspersecond

DESCRIPTIONOFAPPARATUS

Themodelrotorundertestinthisprogram

positionindirec-

consistedofa three-

.

bladesystem5 feetindiameter.ThebladeshadtheNACA0015profile,
a rectangularplahformwithno twist,anda”chordof3’inches.5e

rotorhubhadhorizontalhingeslocatedata radiusof 1Ainchesto
8

permitflappingmotionandlaghingeswithdsmpinglocatedat a radius

of21 inches.
8

Eachbladehada 3/8-inchscrewat itsrootcoincident

withthequsrter-chordiinewhichfittedintoa tappedsplitsleeve
withclampingsci’ewsonthehubwhichenabledthebladetobe setand
heldat anydesiredpitch.

Thebladeconstructionconsistedofan aluminumtubularspar
enclosedin a balsaprofileasshowninfigure1. Thesepicturesshow
thestagesIofassemblyandtheresultingaerodynamicallycleansurface
oftheinstrumentedblade.A 3/4-inch-diameteraluminumtube(1/32-in.

,-! wall.thickness)wasrollsddownintoonehavingsnovalcrosssection

,
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NACATN2626

measuring0.30by 1.00inch.A rootfittingwastheninsertedand
rivetedinoneendsnd10pairsof straingageswereattachedto the
tubeatradialstationsshowninfigure2. Twobalsasheetswererouted
outsothatone-halfofthesparwouldfitintoeachpiece.Thethree
psrtswerethengluedandclampedtogetherandtheprofilewascutby a
specialtoolplacedina jointer.Aftersandingtothepropershape,
thebladewasbalancedaboutthequarterchordby insertingsmalllead
weightsintheleadingedge.Thetwudummybladeswereconstructedin
thesame~er butdidnothavestraingagesattachedtothespar.
Theresultingbladeshada bendingstiffnessof 16,000pound-inches2.

0 I

Theslip-ringandbrushassemblyconsistedof a totalofseven
ringsandthreesetsofbrushes.Sixringsweremadeof coinsilver,
whereastheseventhconsistedofB&eliteequippedwithcontactsfor
thepurposeof indicatingazimuthposition.Thesilvergraphitebrushes
weremountedinBakeliteholdersandbrushpressurewassuppliedby a
coilspringfittedintoa brasscapwhichscrewedintothebrushholder.

h ordertomeasurethebehdingmomentat tifferentstatiomsuc-
cessivelywithoutstoppingtherotorbetweenreadings,a solenoidstepping
switchwasprovidedwhichmadeitpossibleto insertanydesiredpair .
of stratigagesintothebridge.Thesxiallysymmetricswitchwas
mountedcotiallywiththecenterof rotationandthetwoleadsfrom
thesolenoidwere,attachedtotwoofthesixsilverrings.

Itwasfoundthat,inordertominimizetheeffectsofslip-ring
andbrushresistancevariations,itwasnecessarytomountallfour
armsoftheresistancebridgeontherotor.Twodumnystraingageswere
thereforemountedon smallmetallicblockswhichinturnweremounted
onrubberpadsandplacedcloseto thecenterofrotation.It should
be notedthata ptirofstraingagesformingtwoarmsof a Wheatstone
bridgearemountedateachstationso asto canceloutcentrifugal
strainsandtomeasurepurebending. .

A HathawaytypeMRC-12strain-gagecontrolunitwasusedforthe
purposeof amplifyingthebridgeunbalance.Thisunitisa compact,
portablesix-channelsmplifierandpowersu~ly. Theunitcontainsa
2000-cycle-carrierosci-~atoreleme;twhich””&~plies
bridgecircuit.Itsamplifierdrivesa ConsoWiated
nometertype7-112havinga sensitivityof 30 inches
fromthevoltageoutputof a strati-gagebridge.

.“ Sincetherewere10strain-gagestationson the

voltagetothe
oscillographgalva-
permilliampere

bladesndonly
6 channelsforamplification,itwasnecesssrytohavetwostations
alternatelyon onechannel.,A chennel-selectorcontrolboxwasmade
witha steppingswitchidenticaltotheoneontherotorad synchronized
withitsoasto insertt“hegagesintotheproperchannels.Itshould
be notedthatonlyonegalvanometerswasusedsincefoursliprings ,//

______ . —=. — — . —________ _____ ._. . . ____ ._



NACATN2626, 5

allowonlyonestrain-gagebridgetobe energizedat WY instant.The
switchinthechannel-selectorcontrolboxalsoconnectedthegalva-
nometersto theproperamplifieroutputchannel.

Tworotormountswereprovidedforthehoveringaqdtunneltests.
T& conicalhoveringmountissho~ infigure3 wheretherotordisk
wasapproximately10feetabovethefloor.Thedrivemotorwasmounted
withitsshaftina verticalpositioninsidetheconeandtherotorwaE
connectedto themotor~y meansoftwouniversalcouplingssnda short’
shaft.Figures4 and5showthestreamlinemountforthe5-by 7+Toot
wind-tunneltests.Herethemotorwasslungunderneaththemountand
a comparativelylongshaftwasprovidedwitha universaljointateach
end. Themountcouldbetiltedinthefore-and-aftdirectionto obtain
thedesiredincMnationofthes@ft axis.

PROCEDURE

Thesensitivityoftheentirestrain-gageandrecordingsyWemwas
obttinedby a calibrationofthegalvanometersdeflectionagainstknown
bendingmomentswhichwereappliedtotheinstrumentedblade.The
flappinghingewaslockedsothat.thebladewashorizontalandknown
forceswereappliedatthetipoftheblade.Thesensitivityof each
stationwastherebyobtainedintermsofbendingmomentperinchof
galvanometersdeflection.Theradialloadwasnotsimulatedingeneral
duringcalibrationsincecentrifugalloadstheoreticallycancelat each
stationwhenthetopandbottomstraingagesoccupyadjacentarmsof a
bridge.A checkwasmadebyputtinga typicaltestbladeintensionon
a testrigwiththeresultthattherewasnota completecancellation
of stressesprobablybecauseof smalleccentricities.Inanyeventif
therewerea possibilitythatthecentrifugalloadswouldnotcancel
exactly,theeffectwouldbe takenintoaccountinthezeroreading
recordedat eachtestrotationalspeed.

Thegeneralprocedureforobtainingbending-momentdatawasto set
thebladesat zeropitchandbalanceout5 ofthe10 stationssuccessively.
Therotorwasthenbroughtup to a desiredspeedandthegalvanometers
readingforeachofthefivestationswasrecorded.Thesameprocedure
wascsrriedoutfortheremainingfivestations.Thepitchsetting
wasthenchsngedtothatdesiredforthetestandtheproceduredescribed
abovewasrepeated.Inthetunneltests,thezeropitch-settingreadings
weret&kenwiththetunneloffsothatonlytheeffectsof centrifugal
forceandbladeweightweretslsenintoaccount.Thebendingnmment
wasthena measureofthedistancefromthelineoftherecordestablished
at 19= 0° andthetraceat anotherpitchsettingmultipliedby the
propersensitivityfactor.
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.

Withregardtobladetwistduetotheinclinationoftheblade
principalsxisofinertiatotheplaneof’rotation,theeffectwasfound
tobe small.sono correctionto 190wasmade. Thiswasconcludedfrom
theknowledgeofthebladetorsio~lstiffnessanda calculationofthe
torsionalmomentsactingon

Sincethehingedrotor
to a maximumbendingmoment

thebladeat operatingrotor-speeds.

DISCUSSION

Instrumentation

bladedescribedwasexpectedtobe subjected
oftheorderofonly10inch-pounds,itwas

necessarytousea rathersensitivesysteminthisinvestigation.A
directrecordinggalvanometers(Consolidatedtype7-112)in conjunction
withsndmplifierwasfoundsatisfactoryandresultedin anover-all
systemsensitivityofappro~te~ 10inch-poundsperinch(ratioof
bentingmomentappliedtobladeoveroscillographscreendeflection).
Thisfigurevariedslightl.ywiththestationandchannel.Underthese
conditionstheslip-ringandbrushdisturbanceswereatfirstintolerable
buteventuallywerereducedto a neg~gihlelevelby insuringagainst
dirtontherings,providinga goodrunningfitbetweenbrushandbushing,
andeliminatinganymovementbetweenthespringandcapinthebrush
holderby solderingthespringinthecap. Whenthefixed-at-rootcondi-
tionwastested,a systemsensitivityof approximately40inch-pounds
perinchwasused,sincethemomentswerelarger,withtheresultthat
theslip-ringhashwasatan evenlowerlevel.

A numberofbladesof differentstiffhessesweretestedidthe
hoveringconditionwithstraingagesatonlyonestationinbosrd.A
bladehavinga bentigstiffnessof3000pound.inches2wasavailable
whoseconstructionconsistedofan aluminumspar(1/8by 3/4in.)inserted
intheleadingedgeofanNACA0012balsaprofile.Itwasfoundthat
thisbladeunderwentappreciablestrainduringrotationaltestsbutvery
smallbendingmomentsresultedbecauseofthelowstiffness.Theerrors
inthebending-momentmeasurementsresultingfromthisconditionwere
asmch as 25percent.Consequently,a bladehavinga stiffnessof
60,000pound-inches2wasmadeinamannersimilarto thefinaltest
bladedescribedinthesection“DescriptionofApparatus”usinga steel
tubularsparinanNACA001~profilewitha pairofstraingageslocated
at r/R= 0.40. Theresultwasa bladewithlargerbendingmoments
underoperatingconditionsbutsmallerstrainswhichweredifficultto
recordwithanydegreeofaccuracy.Fromtheseconsiderationsa blade
havinga stiffnessof20,000pound-inches2wasdecideduponandan
aluminum-sparbladewasconstructedwitha patiof stratigageslocated
at r/R= 0.35. Theactualstiffnessontheresultingbladewas
16,OOOpound-inches2anditwasfoundtobe satisfac~oryinthehovering

.
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testssincethedegreeofaccuracy.withyhichbendingmomentscouldhe
measuredwaswithin10percent.Thefinalsetofthreeblades”wasthen
madetiththisstiffnessas discussedinthesection‘~escriptionof-

ComparedwiththeSikors@R-6full-scalerotorbladewhichApparatus.”
hasa stiffnessof 3.24X 106pound-inches2atthe50-percent-sparstation,
themodelbladeusedinthesetestsis94timesstifferbased
results“ofthedevelopmentinappendixA..

onthe

TestResults

Hoveringcondition.-Typicalhoveringtestresultsareshow+in
figures6(a)and6(b) forthehinged-andfixed-at-rootcondi~ions,
respectively.Theoreticalcalculationshavebeencarriedout-andthe.
resultsaresuperimposedontheexperimentalresultsfortheeaseof
comparison.A numberof aerodynamicloadingswereputintotheGoodyear
method(refereqce1) forcalculatingsteady-statebending-momentdis-
tributionsofhingedrotorblades.Figure6(a)showstheexperimental
curveandthetheoreticaldistributionsforuniforminflowwithnotip
loss,uniforminflowwith3-percenttiploss,andinflowvariationwith
no tiploss.Theeffectof includinga 3-percent.tiplosslowersthe
curveingeneralcompsredwiththeno-tip-loss.curveandproducesa region
ofnegativebendingmomentintheneighborhoodofthetip. Althoughno
negativebendingmomentswereobtainednearthetip,thepossibilityof
a bending-momentreversaloccurringfartheroutboardthanthelaststrain-
gagestationisallowedforasshowninfi~e 6(a). Theinflowvsria-
tion(hotiplossincluded)wascalculatedaccordingtomight (refer-
ence2) andthemodifiedaerodynamicloadingwasuEedinthebending-
momentcalculation.Theresultingdistributionconformsquiteclosely
to thatoftheexperimentalresultintheregionoftheoutboard50per-
centofthebladebutfailsto agreewiththemaximummomentindicated
by thetests.

Figure6(b)showsa comparisonoftheoreticalandexperimentalrotor-
bladebending-momentdistributionsforthehovering,fixed-at-rootcondi-
tion. Thetheoreticalcalculations-weremadeinaccordancewiththe
modifiedGoodyearmethoddevelopedinappendixE ofthisreport.The
aerodynamicloadingsusedinthismethodwerethesameSEforthecase
ofthehingedblade.It canbe seenfromfigure6(b)thatthereis
littledifferencebetweentheresultswhenusinga tiplossof3 percent
andan inflowvariation.Theexperimentaldistributionisshowntobe
ingoodagreementwiththetheoreticalcalculations. .

Intheabovecalculationsfortheaerodynamicloadinga two-
dimensiohallift-curveslopeof6.operradifiwasassumedforthehinged-
andfixed~at-rootconditions.

——-—— ..—-—--—-- --- --- --- -—--- . . .-—.— - - “ --- -
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Simulatedforwardflight.-
at-rootconditionwererunata

NACATN2626

Thewind-tunneltestsforthehinged-
constsntrotorspeed,pitchsetting,

andshaftinclination.Thetunnelspeedwasvariedto-obtainadv~ce
ratiosof0.10,0.22,0.30,0.40,and0.50. Itwasfoundthata p
of0.50wasthemaximumthatcouldbe safelyobtatiedbecauseof an
excessiveamountofflappingandvibration.ll@ures7(a)to 7(e)are
tracesfromtheoscillographrecords.Thedifferentscalesonthe
ordinatesofthesetracingsaredueto theclifferentsensitivitiesof “
theamplifierchanuelsandbridges.Fora givenstationthebending-
momenttracevariedwithin10percentfromonecycletothenextforthe
hinged-at-rootcondition.An averagecyclewasthereforechosenfor
presentationintheseplots.Thepronouncedfifth-hamnonicbending
momentisBresentbecauseofresonancewithfirst-modebladebending
andcontributeda largeamounttothetotalbendingmoment.Stations1
to 3 srenotshownsincethesignalsweresmallcomparedtothehash
level.

Figure8 showsthefamilyofmaximum-bending-momentcurvesandthe
testconditionsunderwhichthedatawereobtained.Thesebendingmoments
occurredatan azimuthangleofapproximately235°foralltheadvance
ratiostested.Thebendingmomentsdecreasedingoingfroma v of0.10
to p . 0.30 becauseoftheratherfictitiousconditionswhichwere
setUp inthetunnelsincetheeffectof a variationfi ~ alone(by
changingtunnelspeedandkeepingrotationalspeedconstant)onbending
momentwasdesired.Thebending-momenttracesshowa decreaseinthe
steady-state(mean)valueas v is increasedat a constantu, 19,snd
rotorspeedindicatinga decreasein Uft. However,as v is increased
above0.30,thefirst-andfifth-harmoniccontributionshavebecome
lsrgersndaccountfortheincreasesinthemagnitudesofthemaximum-
bending-momentdistribution.

Thebendingmoment
a Fourierseries:

at a stationontheblademaybe expressedas

Thecoefficientsofthisharmonicserieshavebeendeterminedby a
graphicalmethodpresentedinappendixB. Theresultsofa hsrmonic
snalysisfor v = 0.22 arepresentedinfigure9. It canbe seenhere
howlargethefifth-harmonicsinecoefficientiswhencomparedwiththe
othercomponents.Thesecond,third,andfourthharmonicswerenegligible
andthefifth-harmoniccosinecomponentisnotshownsinceitwasalso
small.It shouldbe mentionedthatmorepoi@s donotappearonthe
plotsinthevicinityofthetipsincethemomentssxesmallhereanda
harmonicanalysisisdifficultandprobablyinaccurateunderthese

.

1
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circumstances.
portionofthe

9

It isfeltthatthepointswhichdeterminethecritical
curvesrepresented.

Itwasdesirableto obtainsometheoreticalcheckonthedata
discussedabove.Thereforecalculationswerecsrriedoutusingthe
Goodyeartabular-dynamicmethod(reference1)to findthefirst-harmonic
sinecomponentofthebending-momentdistribution.Thesteady-state
componentwasa~o computedfromthisreference.Anothermethodfor
calculatingharmonicbendingmomentswasinvestigatedsinceitwascon-
sidereda relativelynewapproachto theproblemwhichofferedpossible
advantagesoverothermethods.TheDe,Guillenchmidtmethod(reference3)
isdiscussedinappendixC andcalculationtableswithanexampleare
presented.Theresultsoftheabov&computationsarepresentedin
figures10and11wherea comparisonbetweenthetwotheoreticalapproaches
andtheexperimentalresultscanbe made. Itshouldbeemphasizedthat
thessmeaerodynamicloadingswereusedintheGoodyearandDe Guillenchmidt
methodssothatanydifferencesintheresultssreduetothemethods
alone.In obtainingtheseaerodynamicloadings,notiploss,constant
inducedflow,anda liftslopeof6.owereassumed.Themaqitudesof
thecorrespondingbending-momentdistributionsareinreasonableagree-
ment. However,theshapesofthetheoreticalandexperimentalcurves
aredifferentprobablybecauseoftheaerodynamicloadingwhichwas
assumedforthecalculations.Thereisgoodagreementbetweentheory
andexperimentinregardtotheazimuthpositionatwhichthemaximum
bendingmomentoccursasnotedinfigure10. Itmaybe seenfromthis
figurethatthemagnitudeoftheexperimentalcurveislargertk the
theoreticalresult.Thefactorcontributingtothediscrepancyhereis
thefifthharmonicpresentintheexperimentalresultbutlackinginthe
theoreticalresultsinceno fifth-harmonicloadingswereputintothe
calculationsandthereforea fifth-harmonicbendingmomentcouldnot
possiblyresult.Ingeneral,comparisonbetweentheoryandexpertient
indicatesthatpresentmethodsofcomputingbladebendingmomentsare
notsatisfactoryprobablybecauseoftheinabilityof’theorytoprovide
theaerodynamicloadingtomakeitpossibleto calculatethebending-
‘momentUstributionwhichactuallyexistson a givenbladeunderoperating
conditions.

Itwasalsoplannedtocarryoutthewind-tunneltestsforthefixed-
at-rootconditionat a constantrotorspeed;pitchsetting,andshaft-
sxisinclination,butashighadvanceratioswereapproacheditwas
foundnecesssryto decreasetherotorspeedto ~0 rpminorderto
insureagainstoverloadingtheblade.Datawerethereforeobtainedat ‘
advanceratiosof0.80andO.gOat a lowerrotorspeedthanthelower
valuesof p,but,inspiteoftheseprecautions,on attemptingto
obtainw = 1.0 theinstrumentedbladefailedinfatigueandproceeded
downthediffusersectionofthetunnel.Thealuminum-sparfailure
occurredjustoutbo~dofa steelinsertattherootoftheblade.

-. -.—.— ----- _______ __ _____ .. . ..-. .-— —..——= —.-. ___ .... . . . . . ____ .



10 NACATN2626

FiguresX2(a)to K?(f)arethebending-momenttracesfromthe ‘
oscillographreco&sforthefixed-at-rootconditionfrom v . O.1~
to ~ = 0.90. Thescaleoftheverticalaxis(bendingmoment)vsries
fromonestationto anotheragainbecauseofthedifferenceinthesensi-
tivitiesoftheamplifierchannels.Thecyclespresentedinthesefig-
uressreconsideredtypicalofthoseoccurringovertheshorttimeinter-
valduringwhichrecordsweremade. Itshouldbenotedthatthecycles
fora givenconditionrepeatedwithnegligibledifferenceforthefixed-
at-rootcondition.Dataforstationsnearthetiparenotshownsince
theoscillographrecordsshowedmereripples,indicatingverysmall
bendingmoments.At advanceratiosof0.80and0.90thesignalfrom
station10waspotavailable’sincethestraingageatthisstationfailed.

.’

Plotsfromtheoscillographrecordsaregiveninfi~e u which
showsthevariationofbenbg momentat station’9 withazimuthposition
forthevaluesofadvsnceratiostested.Itmaybe notedthatthe
azimuthpositionatwhichthemaximummomentoccurschangesas w
increases.Thedropinbendingmomentfrom v .0.60 to v = 0.80 is
inagreementwiththedecreaseh rotorspeedandhenceaerodynamicloading.
However,at p = 0.90 withthelowerrotorspeed,themaximumbending
momentexceedsthatat u = 0.60 becauseoftheincreaseintunnel

1

speedwhichresultedin snincreaseinaerodynamicloading.ItiSsus-
pectedthatthemaximumbendingmomentonthebladeat failurewasin
theneighborhoodof200inch-poundswhichcorrespondsto a tensile .
stressof20,000poundspersqusreinch.

Theoscillographrecordsforalltherunswereanalyzedforthe
pur@seofobtainingthemaximumspanwisebending-momentdistributions
andtheazimuthpositionsatwhichtheyoccurred.Theresultsofthis
analysisareshowninfigure14wherethemsximumspanwisebending-moment
distributionsforvariousv conditionssregiven.Implicitly,these
curvesshowthechangeinspanwisemomentdistributionforcorresponding
changesintunnelor simu~tedforward-flightvelocityforthefixed-at-
rootrotorconfiguration~ to a v of0.60.Thecurveshavebeen
extrapolatedtothecenterofrotationsinceno straingageswerelocated
onthehub. Thecurvefor v . 0.80 isbelowthatfor u . 0.60
becauseoftheparticularcombinationsoftunnelandrotorspeedsused
to obtaintheseadvanceratios.

A’harmonicanalysiswascarriedoutonthebending-momenttraces
forthe v = 0.47 conditionandtheresultssreshowninfigure15. (

It isof interestto notethatthefirst-harmoniccomponentsareofthe
ssmeorderofmagnitudebutof oppositesignandthatthereis a large I
contributionfromthesecond-harmoniccosinecomponent.Th,e~gher
harmonicswerefoundtobe negligible.

c
Inorderto checktheexperimentalresultsagainsttheoryforthe

fixed-at-rootcondition,itWaS first necessaryto derivesomeconvenient

.—— .—— ..— _ . .- . —.. . .
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expressionsfortheaerodynamicloadingsundertheseconditions.This
developmentisgiveninappen~xD andconsidersonlyfirst-harmonic
effects.TheGoodyearmethod(reference1)hasbeenmodifiedin
appendixE forthepurposeofcalculatingsteady-stateandfir%t-hsrmonic
bending-momentdistributionsforthefixed-at-rootblade.Alsoincluded ‘
inappendixE isa methodof iterationwhichisusedto copewiththe
problemof couplingbetweentheaerodynamic-loadingcomponents.

A comparisonofthetheoreticalandexperimentalharmonic-bending-
momentdistributionsforthefixed-at-rootconditionat v = 0.47 is
presentedinfigure16. Therearea numtierof factorsherewhichlead
to thediscrepancybetweentheoryandexperiment,nsmelytheassumed
constantinducedvelocity,theneglectofthereversed-flowregion,and
a probablyhightwo-dimensionallift-curveslope(a= 6.o). Inaddition,
nowind-tunnelwallcorrectionwereappliedsincethereareno reliable
metho~’availableby whichsuchcorrectionscanbe estimated,particularly
astheymayaffectharmonicbendingmoments.A comparisonbetween
maximumbendingmomentsasdiscussedforthehinged-at-rootcasewas
not.madesincethesecond-harmoniccosinecomponentofbendingmomenty
whichapparentlyplaysa largepartindeterminingthetotalbending
momentonthefixed-at-rootrotorblade,couldnotbe readilycalculated
withthepresentdevelopment.

.

Resonsnce&udies

Theproblemofrotor-bladeflappingvibrationinthehovering
conditionwasmetwithearlyintheinvestigationandan attemptwas
madetounderstandtheproblemandalleviatethiscondition.Rotor
balanceandshaftalinementwereimprovedwiththeresultthatblade
vibrationwasreducedonlya smallamount.Itwasnotedthatthe
vibrationwasa functionofTitchsetting,theeffectbeingrathersmall
at zeropitch.Thisindicatedthesourceoftroubletobe of an aerodynamic
natureandfurtherinvestigationshowedthatthevibratoryfrequency
(cyclesperrevolution)oftherotorbladevsriedwithrotationalspeed.
A resonanceconditionwassuspected.

A theoreticalsurveyofbladeshavingthreedifferentstiffnesses
wasmadeby carrying.outa calculationofthee naturalbendingfrequencies“ ‘
as a functionofrotationalspeedby themethod‘ofreference4. The
resultsofthiscal&lationforthehinged-andfixed-at-rootconditions
areshowninfiguresl~(a)snd17(b),respectively,forbladeshaving
stiffnessesof3000,16,000,and60,000pound-inches2.Theintersections
ofthesecurvesandthestraight“perrev”Unes areresonanceconditions.

Theresonanceproblemwasftrtherinvestigatedto obtaina better
understandingofthephenomenon.Testswererunonthreesetsofb~des
havingstiffnessesof3000,16,OOOand60,000pound-inches2inthe

\

. . ..—. —.-. —-— ..-. ..— ..— ——-. ———--— ---- ..- —.. ——- -—--—— .-- —-———----
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hoveringcondition.
inrotationalspeed,
atpitchsettingsof

,

Oscillographrecords,takenatsmallincrements
gavethestrain-gageresponsetobladevibration
0° and12°. Theserecordswereanalyzedto obtain

thesteady-stateormeanbendingmomentandthevibratoryorresonance
bendingmomentata givenrotorspeed.Figure18givestwossmpleoscil-
lographrecordsshowingtheresonancephenomenonandtheaboveterms
defined.It shouldbe notedthatthevibratorymotionofthebladewas
notofconstantmagnitudebutconsistedof anirregulsrincreaseand
decreaseofthedoubleamplitudeatia constantrotorspeed.Ineach
casethemsximumdoubleamplitudehasbeenconsideredandplotsofthe
ratioofthemaximumdoubleamplitu~eofresonancebendingmomentto
steady-statebendingmomentagainstrotationalspeedfordifferentblades
areshowninfigure19forthehinged-at-rootconditionandfigure20
forthefixed-at-rootcondition(~= OO). Superimposedoneachplot
istheappropriatenatural-frequencyspectrumforconveniencein com-
paringtheoryandexperiment.Eachpeakoftheresonancecurveis
labeledwiththecyclesperrevolutionobtainedas a resultoftheoscil-
lographrecordahalysis.Thisquantityrefersnotonlytothepeskbut
alsototheneighborhoodofthepeak. Forexamplefigure19(b)indicates
a experimentallydeterminedpeakresonanceconditionof 6 cyclesper
revolutionat580rpm,of5 cyclesperrevolutionat735rpm,of4 cycles
perrevolutionat1000rpm,andof3 cyclesperresolutionat 1350rpm.
Theintersectionsofthe“p’errev”linesandthetheoreticallydetermined
first-natural-bending-frequencycurveoccuratrotationalspeedsvery .
closeto theaboveexceptinthecaseoftheresonanceconditionof
3 cyclesperrevolution..Thisagreementcarriesthroughforthehinged-
at-root-conditiontests(fig.19).

Thecalculationsofthefirstnaturalbendingfrequenciesforthe
fixed-at-rootkotor-bladeconditionwerebasedona bladelengthof
2 feetinsteadof2.5feetsincetherootfittinghada stiffnessof
approximately600,0(x)pound-inches2fidtheactualbladerootwas
locatedata rqdiusof6 inches.Theagreementbetweentheory~d
experimentisgoodforthelow-stiffhessbladebutbecomesworseas
bladestiffnessis increased.Thisrootconditionintroducedcontri-
butionstotheeffectivestiffnessoftherotorsystemfromtheroot
fittingandflexibilityof supportingstructurewhichwerenotconsidered
inthetheory.Itseemsreasonableto assumethattheseeffectswould
be ofgreaterimportancessbkde stiffnessiS ~creased md t~s appears
tobe borneoutby experimentalresultspresentedinfigures20(b)
and20(c). -

A pointof interesttobe notedfromfigures17to 20 isthevsri-
ationoftheratioofresonsncebendingmomentto steady-statebending
momentwithbladestiffness.Forthehinged-at-rootcondition,theblades I
having stiffnessesof3000,16,000,and60,000pound-tiches2indicate

.

msxhmmresonance-peakratiosof 1.0,0.38,and0.60,respectively.
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Alsoforthesamebladesfixedattheroot,themaximumresonsnce-peak
ratiosare0.37,0.20,and0.47,respectively.In eachcontitionnote
thatthebladeofrelativemediumstiffnessexperiencesthelowest
resonancelevel.It appearsfromthisbriefstudythatthereis an
optimumstiffnesswhichwillminimizebladeresonance;however,it is
feltthata generalstatementofthisnature
withouta morethoroughinvestigationofthe
helicopterrotorblades.

CONCLUSIONS

cannotbe madeatthistime
resonancephenomenonin

Bending-momentdistributionsweremeasuredon a modelrotorblade
underhoveringandsimulatedforward-flightconditionsinloththe
hinged-andfixed-at-rootconfigurationsanda comparisonwaamadewith
theoreticalcalculations.ItWa5foundthat:

1.Forthehovering,hinged-at-rootcondition,thebestagreement
betweeutheoreticalandexperimentalbending-momentdistributionsw=
obtainedwhentheinflowratiovariationaccordingtoNACATN626was
considered.Nomeasurableamountofnegativebendingmomentatthetip
wasfoundwhichindicateslesstiplossthanisusua13yassumed.

2.Inthehovering,fixed-at-rootcondition,theexperimentalbendimg-
momentdistributionfellwithintheregiondeterndnedby theoretical
calculationsobtainedasa resultof inserttigdifferenttypesofaero-
dynamic

3*
flight,
muchof
maximum

loadingintothebending-momentcalculations.

Thefifth-harmonicbendingmomentdueto resonanceintheforward-
hinged-at-rootconditionisrelativelylargeandaccountedfor
thediscrepancybetweenthetheoreticalandexperimentaltotal
bendingmoments.An appreciabledifferencebetweenthegeneral

shapeofthedistributionspredictedby theoryandmeasuredexperimentally
existsandisprobablyduetothedistribtiionofaerodynamic”loading
assumedinthecurrentlyavailabletheory.

4.Inthecaseofthefixed-at-root,forward-flightcondition,it
wasfoundthatthesecond-harmonicbendingmomentwasthelargestcom-
ponentcontributingto thetotalmoment.Theagreementbetweentheory
andexperimentinregsrdtothesteady-stateandfirst-harmonicbending
momentsforan advanceratioof0.Q7wasre-enableinviewof e~eri-
mentalerrorsandtheassumptionsmadeinthetheory.

5.Abriefstudyofrotor-bladeresonancephenomenonwasmadein
thehoveringcondition.C@odagreementbetweentheory”andexperimentwas
obtainedforthehinged-at-rootconditionsinceitwasfoundthatthe
expertientalresonancepeaksoccurredatrotationalspeedsveryclose

.. .. ... . . -.=—. .——r. ——. ..—-- ~. .—.—- —--— —-.—- ___ .——. .—. -....-—..——— -
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to thosewherethenatural-bending-frequencycurvescrossedthelines
of cyclesperrevolution.Agreementinthecaseofthefixed-at-root
conditionwasreasonableinviewofthecontributionsto effective
stiffnessoftherotorsystemfromthesupportingstructure.

6.Mormationregardingtheactualaero@namicloadingor induced
flow’andbladeresonancephenomenonisneedediftheresultsofbending-
momentcalculationsareto representtheactualsituationexistingona
rotorbladeunderoperatingconditions.

MassachusettsInstituteofTechnolo~
Cambridge,Mass.,April3, 1951

.

I
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APPENDIXA

. BASISFORCOMP&SON OFSTIXl?NESSESOFVARIOUSROTORBLADES

Considera bladeundertheloadingW = f(r). Thedeflection6 at
thetipof a cantileverbesmis:

where R isthelladeradius.Now

Let x=; so r=~mddr=RdXo Then

qf+px~ I&
*

w ‘~ a~c#R3x2 dx - m

Now m’ ismassperunitlengthand m’ a L2 where L isthe
dhensionoflength.Also c
so

.

Fromthedeflectionexpression

5—a
R

and R havedimensions,oflengthL.
●

w .’&R2L2

thereisobtained:

Equatingtheexpressionsfor 8/R of the
blade,thereisobtained:

/

modelandthefull-scale

.. . . . . ... . . . ... . . _______ ._. —.. . . .—.—.— ____ ___ _________ .- ..___ . . . .
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wherethes~scriptsM and F denotemodelandfullscale,
respectively.Hence)

ComparingtheR-6bladeandthemodelblade
obtained:

undertestthereis

% 2.5=01315—=
,% lg.o “

h?

(QR)M2 (210)2_ 00~76—= —.
(OR)F2 (500)2

Fromreference1,

(EI)F=3.24x106lb-in.2

atx= 0.50;hence,

(EI)M= 3.24x 106x 0.176x 2.98x 10-4= 170lb-in.2

Thisresultmeansthata modelof theR-6rotorbladehavinga diameter
of5 feetandrotatingat800rpmshouldhavea stiffnessEI of 170pound-

inches2.The EI ofthemodelbladeinvestigatedinthisreportwas

16,OOOpound-inches2andistherefore94 timesas stiffasa modelof
theR-6whenrotatingattheaboveroi%.tionalspeed.

——.. —— — —— . —— -..— .
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APPENDIXB

‘ GRKHIICALMETHODFORHARMONICANALYSIS
/

OFA PERIODICFUNCTION

Method.- Letthecurvesuchastheoneshown
figurebe representedby thefollowingseries:

inth.e,accompfiying

Y =bO+alsinx+blcos x +a2sina+b2cos2x+. . .+

~stinx+bncosti+ . . .

.

thedistanceThecurveisdividedinto12equalpsrtssuchthat
betweenordinatesh is Yr/6,andthesameordinatesareued in
findingallharmonics.

In orderto‘find.thefirst-harmonic’coefficientsal and bl,the
followingconstructionismade: Startingfroma pointO, ; y. is

laidoutintheappropriatedirectiononthehorizontal;yl isadded
1 atanangleof 30°tothehorizontal;,Y2to~Yo _ isaddedatan

angleof 60”;andsoforth.Notethat‘whentheordinatiisnegative,
itmustbe laidoffintheoppositetirectionas sho~ inthefigure
onthefollowingpage.

#

.. —.—- —.-... _____ .. . ___ ________________ _ ,_ ———— . ... . . . . _._. . .—.
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Thecoefficientsal and bl arefoundfromtherelations:

al =~PN611

To findthecoefficientsof thesecondharmonica similarconstruc-
tionismade,buttheordinatesarelaidoutat intervalsof 60°instead
of 30°. Theexpressionsfor ~ and b2 ere:

o b2 =5 01?2

.—— - ———-—.—————-— — .———.

I

. I
)

I

I
!
I

I
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t

In general,thenthharmonicmaybe foundby
ordinatesof thecinvearelaidoutat intervals

constructionwherethe
of n(2fi/M)where M

isthenumberofpartsintowhichtheperiodof thecu&e’isdivided.
Theexpressionsforthecoefficientsare:

bn = ~ Ol?n

Proofof aboveconstructlon.-Thetrapezoidalrulestatesthatthe
totalmea undera curveis:

A
r )

=h++y1+y2+. ..+~

where h isthedistancebetweenordinates,or h = 2@L

NowtheFourierseriescoefficientscanbewritten:

Fortheintegralsubstitutetheexpression

(lh~yoal=; Sino”+y ~ sin30°+y2 Shl

X(3X

fortheareagivenabove:

)6oo+. ..++y@n36oo

or

(21al
.z5yo sinOO+Ylsin300+y2sin 60°+. ..+~YwsiI13600

)
Also

J

2)1
bl=+ ycosxax

o

—-- ——.-—.- .. -—- - ..= .—--- -—-——--- . ... —— --- -. _—— .—. —----- —- -
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b

so

(21 0 + y~ Cos30°+ yp COB
)

60°+. ..+~yucos 3600,bl=~~yocoso
/

Nowthegraphicalprocessdescribedaboveisthatindicatedinthe
parentheses,thus:

Hence

- II. (‘;+ Yo+Y~ +y2 +... +;YJ

I

/

L— ___ .—-—— -—...—— --- —
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.1

DISCUSSIONOF

OFBENDING

Thedevelopmentof

DE GUIZLENCHMIDTMETHODFORCALCULATION

STRESSESINHELICOPTERROTORBIADES

thismethodforcalculattigbendingstressesin
rotorbladesis-giwninreference3. Theprocetieforl%egeneral
methcd,themethodasappliedtothemodelrotortestedinthisinvesti+
gation~andsamplecalculations.hrediscussedinthisappendix.

ProcedureforCalculationofElasticBendingMoment

Theprocedureforcalculatingtheelasticbendingmomentis
follows:

1.Calculatethenaturalfrequenciesandcorrespondhgmode

as

shapes
ofthenonrotatingblajie.Reference3 statesthattiero&tionalan~
nonrotationalnaturalmodesarethesamewithina fewpercent.A cal-
culationhasbeencarriedoutontheR-6rotorbladeandtheresultsare
presentedinfigure21whereitcanbe seenthatthefirstnaturalmode
doesnotvarygreatlywithrotationalspeed.!TQefrequenciesandmode
forthemodelrotorbladewereobtainedby theuseof theMyklestad
method(reference5,pp. 184.203).Therotatingnaturalbendingfre-
quencieswerecalculatedfrom’theresultsofreference4.

2.Calculatetheaerodynamicloading(reference1),thecentrifugal
loading,andthetotalexternalloadingontherigidbladeat different
azimuthpositions.Fortheexampleillustratedhere,eightpositions
spaced45°a~rt wereusedas shownintablesI,11,andIII. curvesof
totalexternalloadingFdl areshowninfigure22. No tiplosswas
includedh theaerodynamicloading.‘

3.

azimuth
and 72

4.

Thenevaluatethetitegral
r

‘Fdtqld.xatthecorresponding
o

positionsas illustratedintableIV. Themodefunctions71
forthisexamplearesh& h figure23.

rfThe titegral m’~~2 dx isthenevaluatedasshownIntableV.
o

.-. . . . .. .. . . . ... . . .. . .. ___ ,___ —.. —_—._ . .. ___ ——- .“-— —.. . . . . . —. ..- _. .._ ___
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\
I

,

5.Thusit ispmsibleto calculategl (tableVI)fortheeight
azimuthyositions.Theplotsof gl and g2 areshowninfigure24.
A harmonicanalysisisperformedonthe g functionusingthegraphical
methoddescri>edinap~nti B ofthisre~rt. Thisdeterminesthe
values

6.

{
‘i,n ~“

HR
Thecalculationof m’qldx ~ isoneofthebyproducts

x
oftheMyklestadcomputationsincethisintegralistheratioofthe
rigid-bladebendingmomentto thesquareofthenaturalfrequency.This
distributionandtheelastic-bladebending-momentdistributionbroken
downintohammnicsareshownintableVII.

7.Theelasticbentigmomentobtainedfroma considerationofthe
secondnaturalmodeofthebladeisshownintableVIII. Thebending
momentresultingfrombothmodesisshownintableRI. Itwasfound
thatthemaximummomentoccurredatanazimuthpositionofapproximately
225°.

CommentsonDe GuillenchmidtMethod

TheDe Guillenchmidtmethodisparticularlyusefulfortheinvesti-
gationoftheeffectofa seriesofloadingconditionsona givenblade.
Thisistruebecause,oncethenaturalfrequenciesandmodesaredeter-
mined,relativelylittlecalculationisnecessaryto.obtainboththe
harmonic-andtotal-bending-mcnnentdistributionsfora givenloading
condition.

Fcmthebladetestedinthisinvestigation,thecalculationsshowed
thattheeffectof includingthesecondnaturalmodewasnegligiblein
thecaseofthesteady-statecomponent,whereastheeffectonthesine
andcosinecomponentswasappreciable.However,forfullscalethe
contributionofthevariousmodestothebendingmomentmustbe investi.
gatedforeachbladedesign.

.——— -—.—.— — _ _ —... -—-—— __ - ——— —.- — - —
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APPENDIXD

CALCULATIONOFEXl?RESSIOl?SFORAERODYNAMICKMIUZ?G

ONA FIXED-AT-ROWROTORBLADE

Therotorbladediscussedinthisappendixisone
attherootbutisallowedtobendunderappliedloads
elasticproper-ties.

Theliftonabladeelementis:

whichisfixed
becauseof its

(Dl)

(D2)

and

up=m-&lmgcosQt, (D3)

where z isthedeflectionof a bladeelementfromtheplaneperpendicular
to theaxisofrotationandpassingthroughthebladeroot. Now z can
be writtenas:

z=rB+yl+Y1ls fi ~ + YTT.Cosflt+... (D4)

Onlythefirstharmonicwillbe
therefore:

A-I-4

consideredinthisdevelopment;

i = yIIQ CosQ-t

and

dz WI dy~ *111
—=p+=+=sinflt+~ Coswdr (D6)

. . . ---- --. — .——.—--— .——. .. --— -— .--—.---— —---- ——-- -



24

Hence

.

T.

=

NAC~TN2626

I

I
II

‘i

Suhstittiingthesequantitiesintotheliftexpression,equation(Dl)

(pmcosfztp+

Uponexpandingand

T
(

. &Lcf# er2+

MlR2sinm -

Y1* Stii%

yllrCos

“PR+ ‘III Sin%t - wrm cos@ - V2R2~COSM SiIlfit-

Iiw

VWw III
& )

sinQt.cos2Qt
.

____ —. .-— — ..__ —. —
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Thiscambe writtenas follows:

$adl (2 e+’

XrR+x+mz

Yjgl--7j--VR

+ 2@rR sinSlt+ ~ l% -; pR2Cos2Gt+

.

sin#- yllrcosOt -~ WRsin2Qt +ylllrsinQt +

YII1”-pm COB2flt Ct)sQ-t

2 R2 W1l$- dr

W111~rR—
2 dr

Comparingequation(D9)with:

the

T=T+TIII ‘h ~ + ‘IIICosil t+...

followingexpressionsare”obtained:

Thesteady-stateloading:
r

)Shl 30t (D9)

(D1O)

Thefirst-harmonicsinecomponent:

(DI.2)

---- ..-. —._._. _ .—___ ___ ___ . —-- —-- --—--———-— -—-—.——---- . . —---—- -
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Thefir@-harmoniccosinecomponent:

NACATN 2626

.

(D13)

Theaboveexpressionsareusedb theapplicationofthemethodof “
calculatingrigid-bladebendingmomentsdevelopedinappendixE.

I

.

I

#
I

(

k...—.——
. .
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AP15!HIDJXE

MODIFICATIONOF GOODYEARMETHODFORCALCULATING

FIXED-AT-ROOTR~”~LAJE BENDINGMOMENTS

DiscussionofModification ,

Inthis appendixtheGoodyearmethod(reference1)forcalculating
hinged-rotor-bladebendingmomentswillbe modifiedsothatrigid-blade
mometismaybe determined.

Firstconsiderthesteady-dateanalysisfora rigidblade(i.e.,
fixedatrootbutalkwedtobend).Thetotalshearatanypointonthe
bladeis:

where

s aerodynamicshearat a givenpoid

F centrifugalshearat samepoint

M bendingmomentatgivenpoimt

z deflectionfromplaneperpendicularto axisofrotationand
passingthroughbladeroot

.

Z=rp+y

z

.
r

Now

(El)

.. . . ...—.—.——— —- .-—.—-. ... ..— —.. ---- ..—.— .. -—---- —....-———..-— ._— _ _. ...-
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I
I so

where y isthedeflectionmeasuredfromtheunreflectedposition.

Thesteady-statecomponentof WIdzjdr is $ + ~. Henceew-
1 tion(El)becomes:

(E2)

Thisequation
integralnumberof
ofsm intervalis:

canbe approdnatedby dividingthebladeintoan
partseachoflengthX. Then dM/dratthemidpoint

um .%+1-%
G i+~ x

2
,>

Hencetheaboveequationbecomes:

()%+l=Mi+Fi+fB+%+Xs
2 i+* i+*

wHere Z = ~ = Bending

At thebladetip:

or

~=ai+biZ

momentatbladeroot.

~=~+bnZ=O

%z=-~
n

(E3)

(E4)

(E5)

— —— -————--- ---- ----- —.. — -.
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Hencethebendingmometiattherootwillbe knownoncethe
values~ and bn aredetermined.To findtheexpressiomfor
the a’s and b‘s proceedas follows:

Atthebladeroot:

~=z

Comparingthesetwoequationsthereisobtained:

Now

(E6)

(E7)

(E8)

.

Thenequation(E3)canbe written:

Alsoequation(E4)canbe writtem

%+1=ai+l+ bi+lZ

Equatingcoefficientsofequations(E9)and.(E1O):

(E1O)

(En)

. . . . . . _._. . . . . . . .. . . ... . .. ____... ______ ._—. ..__ _____ ___________ _.<__ -,--... ..---- ----
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.re
bi+l

=bi+F EI
f+~j=o J

(E12)

Nowconsidertheffist-harmonicbending-momentanalysis.Theshear
equationnowreads:

IiiMuF=—=
ar dr +S+JO+Q2

*
r

myar
● o

(E13)

where Jo istheinertiashebrattherootandthequa?rtity

fJO+Q2 ~ nW dr istheinertiashearat r. Thesubscriptsdenoting

the
the

W
harmonichavebeendroppedsincethesolutiontakesthesameformfor
sineasforthecosinecomponent.

f

r
NowQ2 my & canbewrittenas:

o

ff myJ 2X
J=l

and

.

Let

()&z .gtiF-J~

so

(Elk)

,

(E15)

i

()x= +Xs ‘p%2
‘i+l +xJo+ ‘jyj (E16)’= Mi + ‘i+~ ~ i+~ ‘+$

J=l

(E17)

I
I

#

I

.’

I

.

I
L__. __. _— — — — .. —. —.. —
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.

where @ = XJO. ‘Now

Y1 =2-=$(%+’0%+’0$

andequation(E18)gives:

By COllI’Jl~iSOn

‘(IH8)

X2
u =—1 EI ~“

Proceedingfurther,equation(E19)gives:

X2%‘2%,X%
Y2=~+y r.

or

Y2=gpo+ %%+co@)+g~o’%+(bo +%)%+ (’O+ CIMJ

.

,____ -...->- -____A ~.-_A_-_. ... ... .,___ ______ __________________ .-..
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Now

Y2 .u2+v&+w#

By comparison

u2=ul+ g(%. + %)

V2=v,+g@o+bJ

W2=W1+ g(co + CJ

Itcanbe concludedthatingeneral:

i

ui+~= Ui +
&

5
EIj=

.
,

,,

.

(E20)

Expressionsfortbe ats, b‘s, and c’s arefoundinthefollowing
manner:

Considertbebendingmomentatthebladeroot:

Equation(E17)becomes

%=~+%%+cc$

——. — —.—. — ———..—. ——--— -- —.—
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,.

Soby comparison

%=0

bo=l

‘0=0
Nowconsiderequation(E16)with i = O:

Since

then

Compmingthisequationwith

thereisobtained:

bl 9=l+F1/2m

‘1=1

33

---- ,.-——--- -.- .-— ..— --—.. ...-. Y—— — .— ..- —.- . ..— —.-. . . ..— —. -.. . . . . --—— . . . . . .
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Repeatingthisprocessfor i = 1:

‘(~ + ‘d + ‘,.“2=”l+Fl&1 + # + X%?m$l + vl~ +Wl@) ‘
2 2

Since

then

I

I

Itcanbe concludedthatingeneral:

(E21) ‘ (

L. _. .. ___ . . —.-.
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ItiSkIIOWllthat“

xJo=. &%JyJ=$ - \
,j=l

as definedearlier
tion(E18)for yi

#=- 5
j=l

Themxmnationsare

35

where n isthetipstation.Suhstitutingequa-
intheabove:

L
.

n

deter@nedfromthecalculation.

‘1 =Zx%i?mu
Ss

Ti2=Zx%-Fmjvj

N3 =zxvmjwj

Thenequation(E22)becomes:
.

#=-N~-n&-r?3$

or

Hence

Letthembe:

,- Substitutingthisexpressionfor @ intoequation(E24):

((l+ N3)-&l!&4%)+%%=-%
\

(E23)

(E24)

(~25)

L. . . . —.. — . .- —.. . . . . .._. —— _ __________________ ____ .---. ——— ---. -.. — — --------- —..
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Therefore
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b

(
-=1+‘2 Cn

Knowing~, @ mayhe obtainedandhence

%=%. +bi~+ci@.

‘3)

Mf, fromthe expression

(E26)

DiscussionofSampleCalculations

Steady-statecomponent.- TableX, whichshowsthecalculationfor
thiscondition,isverysimilarto thatgiveninreference1. Column(5)
iscalculatedinthesamemanneras inreference1. Theequationfor
findingtheaerodynamicloadingfortherigidbladeisgiveninappendixD
ofthisreport.Liketise,column(7)iscomputedas inreference1.

Noticethat YIII mustbe neglectedinthecalcul.ationof T~
since yln is notknownatthisstageofthecomputation.Itwas .

foundthataftercompletinga cycle(i.e.,s= ~ costiecomponents),
theeffectof ylll on T1 wassmall.Thereforetheresuitobtained
fromtableX wastakenasthesteady-statebending-momentdistribution.

Thecomputationcheck(tableXI)forthiscalculationisidentical“
tothatgiveninreference1, @ isthesameforthefirst-hsrmonic
components.

Ftist-harmoniccomponents.-TableXIIshowsthecalculationof a,
b, and C. It shouldbe notedthatonly a changeswiththeUro-
dynamicShearjb and c rematig thesameforgivenbladeconstants
androtationalspeed.

Thefirst-htionicsinecomponentwasfirstcalculatedby usingthe
expressionfor T1l giveninappendixD neglectingylll sinceitwas
notknownatthisstageofthecalculation.Thecomputationcheck
yieldsinadditionthedeflectionyll. “

HatingY1 -d Y1lI itisthenpossibleto calcula~eT1ll and
,thecorrespondingaerodynamicshear.A calculationofthe ats accord-
to tableICCI(a)permitsthecomputationofthecosinecomponentofbending
momentandconsequentlyylll inthecomputationcheck.

,..

..___ —. —. —-. -—. . ——.—----- ___—.-— —..-— ..— .
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ThesinecomponentoftheaerodynamicloadingT1ll isthen
recalculatedusing ylll justobtained.Forthisexampleitwasfound
t~t Y1ll hada considerableeffectupon T1l andconsequentlyonthe
bendingmoment.Theiterationprocessiscontinuedto finda new yll:
To decreasethenumberofcyclesintheiterationprocessthemeanvalue
of yn resultingfromthefirstandsecondcyclesisfound.This
valueof yll isthenusedinthesecond-cyclecalculationof Till.
Theresultingcosinebendingmomentandconsequentlythedistributionof
yIII arethenfound.Thismakesitpossibleto recalculatethesine
comyonent- ftid yll whichiscomparedwiththemeanvalueassumed
above.Inthisexamplethetwovaluesof yll werewithin10percent
sothatiterationwasnotcontinued.

A plotofthebending-mon’entdistributionsduringtheaboveprocess
forthebladeundertestis showninfigure25. It shouldbestressed
thatonlythe a’s needbe recalculatedincarryingouttheiteration
sinceb and c donotchsmgewithaerodynamicloading.

IthasrecentlycometotheattentionoftheauthorthattheCornell
AeronauticalLaboratoryhasextendedtheGoodyeartabular-dynamicmethod
totakeintoaccounttheadditionalaerodynamicloadingintroducedby the
elasticdeformationof a hingedrotorblade.Thisadditionaleffectis
consideredimmediatelyinthemometiequationandthesineandcosine
componentsarecarriedalongsimultuouslysothatno iterationis
necesssry.Theapplicationofthismethod,withtheappropriatemod~fica-
tions,tothefixed-at-rootbladehasnot.beenstudiedindetail,butit
appearsthatsuchan applicationispossible.Forthepresentcase,
wherenopossibilityofresonsmcewiththeassumedloadingsexisted,the
iterationprocessappearstobe a reasonablyrapidandaccuratemethodof
estimatingthebending-momentdistributionona semirigidnonflapping
blade.
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TABLEI

VALUESOFAERODMC LOADIRGFA’ (LB/FT)

ATEIGETAZIMUTHPOSITIONS

~dmllation of FAr maybe setupthesamewayasthat@ken h reference11

Station

o

1

2

3

k

5

6

0.098

.138

.850

2.25

4.34

7.11

~’=450

-0.J36

.313

1.27

2.66

4.52

6.85

!J=w”

0.182

.496

1.57

2.93

4.63

6.66

+ = 135°

-0.014

.$1

1.58

2’.91

4.63

6.66

0+=180

0.270’

.516

1.29.

2.61

4.46

6.85

0.5.94 0.550

.341 .160

.870 .571

2.2?3 1.93

4,28 4.17

7.11 7.29

f = 315°

0.382

.073

.560

1,93

4.20

7.30 I

.



TABLEII

CALCOMTION OFCEXTRDUQALLOADINGF=‘ (L@)

I

1,

I

AT EIfJECAZIMWH POSITIONS

[,.’ ]- FCB

Fc +.d * = 450 q=w” * - 1350 * = 180” + = E50 * -2700 + -3150
3tatlon

(lb/ft)~=O.mq @=0.0056B-0.0444i3=0.0930p=0.I.23D=0.H7 B‘0.0778p=0.0293

Q
8.87 -0. CD62 0.0497 0.394 0.825 1,09 1.03 o.6go 0.259

1
26.6 -.0185 .149 1.IJ3 2.47 3.27 3.10 2.07 .777

2
44.2 ‘-. 0309 ,248 1.95 4.11 5,43 5.15 3.44 1.29

3

&.o -.0434 .347 2.75 5.77 7.62 7.23 4.82 1.81

4

79.7 -.0558 .44-6 3.54 7.41 g.m 9.29 6.23 2.33

5
97.5 -.06!33 .546 4.33 9.07 I.1.g 1.1.4 7.59 2.85

6

-.
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I

:tation

o

1

.2

3

4

5

6

TABLEIII

CALCULATIONOFTOTAL~, LOADINGFd’(@?T) &l!

EIGETAZIMUTHPOSITIONS

rFd’ 1
=FA’ - Fc’

L

0.104

.157

.881

2.29

4.40

7.18

.0.186

.163

1.02

2.31

4.07

6.30

-0.212

-.685

-.3P

.177

1.09

2.33

1 = 1350

-0.8u

-1.89

-2.53

-2.86

-2.81

-2:41

p .1800

-0.820

-2.75

-4.14

-5.01

-5●35

-5.13

~=225”

-0.530

-2.76

-4.28

-5.03

-5.01

-4.26

-0.14Q

-1.91

-2.87

-2.89

-2.03

-.296

y=315°

0.123

-.704

-.731

.140

1.87

4.45

/
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T.AmEIv

JO

+. 1+5° $= 1350$“90°

o

1

2

3
4

5
6

0.03910.196 0.85

5.30

8.60

6.60

-.140

-7.35

, 13.87

-0.11(

-.44(

-2.99
-5.29
.22(

21.91

-z=13.3C

0.044:

.384

.266
-.082
.O11.
1.42

z

0.223

l.ga

1.33

-.41

.055

7.10

10.24

0. 17(

1.06

1.72

1.32
-.02(
-1.47

z

-o.’zlo

-.560

-.683

-.462
.010
.610

-0.022

-.088

--599

-1.058

.044

4.379

f

R
Fd’~lo

- .09~

-.694

-1.067

.041

3.84

-.457

-3.47

-5.34

.205

19.20

10.35

$ =180° + = 270° * = 315°
tatlon

Fa’I_I1

0.172

1.54

2.82
2.32
-.054
-3.13

Fd’qlX 5“

0.863

7.70

14.10

11.60

-.2-P

-15.65

:=18.26

-

Fd’ql

O.111
1.55

2.91

2.32
-.CyJ1
-2.59

z

‘d’~l X 5’

0.555

7.75

14.55

11.&l

-.255

-1.2.95

=.25

?d’lllX5’

0.145
5.35
9.75
6.65
-.lco
*

20.93

Fa’TI1

0.029

1.07

l.~

1.33

-.020

- .18I.

x

0

1

2

3
4

5
6

-0.026

.394

.497

-.065

.01.8

2.72

z

-0.130

l.go

2.49

0.210

-.5&)
-.680
-.462
.010
.610

-.325

.@
13.60

17.68

‘+$9’=
L.

:..
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TABLEV

JR
CALCULATIONOF m’~12dx

o

Station T1 n12 (131u:;/ft.) m’q12x ~/12

o
-0.210 0.0441 0.00602 0.111x 10-3

1
-.560 .3136 .00632 .787

2
-.683 .~24 .00602 1.16

3
-.462 .2134 .00602 .336

4
.010 .0001 .00602 .00025

5
.610 .3721 .00602 .934

6
R

f,
m’ql2~= 3.528x10-3

0.

.
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TABLEVI
/

CMCULATIONSOF gl “ATEIGHTAZIMUTHPOSITIONS

(L&g)

4;
90
135
180
225
no
315

13.30 I 3769
10● 35 2935
10.24 2901
13.87
18.26
=.25
20.93
17.6!3

3932
5177
6024
5929
5014

--s=l

,

.-
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.
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I

I

1

I
(

I
1

I

I

!

!

(1) (2) (3) (4) (5) (6) ‘ (7) (8)

n q,m gl,nb M (vI,my- (4) w
(5)

SI,MX (6) gl,nbX (6)

o 4!5XI -----
1

u4,0s6
-m

o,~
-15&l 7@0.1 14’7,027

34!%3 -----

2“
.812

0 0
-586.0 -I.@

------ ------- -----
3

0
0, 0

‘o
------ ------- ----- 0. . 0

(1) (2) (3) (4) (5)

J

steady Etate ilmt cOBiM Firstsine
i m’qldx dg M1,o = (l’)n~x (2’) ~l,a- (I’)nmlx (.2) Ml,b= (a)wlx (2)

‘o o 0
.6666x 10-3

0
1

0

2
2.33 -.*l -.843

1.27516 4.45
3

-.75 -1.61
I.70U6

4’ 1.@016
:.$. -.m -2.15

5 1.82659
-1. lo~

6:37
-2.39

6
-1.07

1.591g
-2.31

;.8:
1.0346 .

-.90 -1.94

i .*
-.64

2:10
-1.3

9’ .1878 .66
-.35 -.76

I
10 0

-.11 -,24
0 0. 0

.
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1

I

CMCUIA!TIOE

1,.178.5cps;m - 803rpm;u? m 70!29.1

(1) (2) (3) (4) (7) (6) (7) (8)

n%# (V2,J2- (4)
(V2,0)2

n Q!jm %,nb
g2,m x (6)

(5)
82,nbX (6)

o 1.,a7,396.T 0.8967 80.7
1

------
-9G m; 702L l,a50,367.6 .9017’7 -8s3.9 -673.6

2 0 0 ------ ----------- ------- 0 0
3 0 0 ------ ----------- ----%-- 0 0

(1) (2) (3) “ (4) (5)

i
J

steadyBtati FirstcOShlS ~St B@
ml1’12dxd~ M2,0=(7)D4x (.2) ~,~“(’7)nGlx (2) ~,b=(8)nm1X (2)

.0 0 0 0 0
1 -.3818x10-3 -.oyx .326

-.4832
.?57

2 -.0389 .41.3 .3?9
3 -.5107 -.0412 .436
4“

,344
-. 1%7 -.o159 .167 .1*
.Z& .Oln -.185

.2
-.146

;;$; .0% -.459 -.363
.m -.539 -.4=5

: .4743 .0383 -.40s -.319
9 .W/8 .0152 -#60’ -.I26
10 ‘ o 0 0

\ ...-. 9

,

—-
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TABLEIX

47

I

SUMMARYOFBENDING-MOMENTDISTRIBUTIONS

(I~LuDESFIRSTANDSECONDHATURALMODES)

% Ma Mb

i (:gd$ (cosine) (sine) $ = 223°
(in.-lb) (in. -lb) (in.-lb)

o o’ 0 0 0

1 2.30 -.06 -*!X 2.75

2 4.41 -.34 -1.28 5*55

3 5.90 -.56 -1.81 7.58

“4 6.58 -.94 -2.26 8.84

5 6.39 -1.26 -2.45 9.01

6 5.41 -1.36 -2.30 8.00

7 “3.87 -1.18 -1.81 5.98

8 2.14 -.76 -1.08 3.44

9 .6!3 -.27 -.37 1.13

10 0 0 0 0

.

0

..- . ... .. .—— —-—- .. —-. .-.—. —--—- ----— —---— — -———— -—— ------- . . .. --
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TABIEx

1

CWCOIATIONOFS’IWDY-S’I!NECWWNEMTOFEENDIEGMOMENT

FORAROTORBU.DEFIXEDAT~

& = 0.47, n = 600 rpm; mi = o.oo@2slug/ft;p=OO;e..8°;U. -50;
x=5In.;EI=16,0cmlb-in.2;Z~I ~- m@~eL [)*~fica~s
valuefromtheprecedngstation(ijJ

(1) (2) . (3)” (4) (5) (6) (7)

fr
% Fi+$ ‘i+~ ~EIj

i

$

% mi+~
(l)* + (6:+ (7)*

& Xzq
EIi F . EI~ . 2

0 0 1.563X 10-30’ 0 73.80 0 -15.22

1 -15.220001.563 -.0237886-.0237%669.67-1.65736988-U.lo

2 -31.977361.563 -.0499806-.073769261.41-4.5301(3336-14.56

3 -51.067531.363 -.07981.85-.1535W749.02-7.5~735 -13.00

4 -71.596411.563 -.W2 -.2654gzg32.50-8.6285= -9.60

5 -89.92*3 1.563 -.1405526-.4060456u.85 -4.8u64094-3.70

6 -~.43657 1.563- -—--—-- -------------------------------

(8) (9) (10) (u) (M) (13)

i bl X%1
&

* Fi+$(10) biZ %—.
(8)*+ (u)* EIi E13 ai+biZ

Q 1 0.00156300.00156300.115349437.6196537.6w65

1 1.U53494 .0017432 .0033062 .2303@3 41.9590626.73906

2 1.3456987 .0021033 .005496 .332204550.624721.8.64735

3 1.67’79033 .0026225 .oo!30321.393737663.r2%u4 12.05467

4 2.07w540!3 .0032379‘.0112701 .366280177.93441 6.33800

5 2.4379210 .0038104 .0150!306.178705491.71374 1.78881

6 -2.6166264 ---------------------------98.43657 0

z=- % -98.436573
bG=- =37.619651

2.616626

—— —

I

I

I
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TABIE XI

COMPUTATIONCBECKFORSTEADY-S’I!ATECOMPONENTOFBENDINGMOMENT

FORA ROTORBLADEFIXEDJETROOT

[IJ= 0.47;o = 600~; ~ = 0.00602sl~/ft;P = oo;e.= 80;
a= -50;X=5 in.;EI = 16,OOOlb-in.2;Z1ll termsneglected1

49

(13) (14) (15) (16) (17)

i Mi X2 X2%
ai+ biZ AM ~ < ‘(g)i+l ‘Z(16)

2

0 37.61965 1.563X 10-3 0.0587995 0.0587995
-10.88059

1 26.73906 L 563 .0417932 .1005927
-8.09171

2 18.64735 1.563 .0291458
● 1-29739

-6.59275
3 12.05467 1.563 .0188413 .148X0

-5.71667
4 6.33800 1.563 .0099063 .158486

-4.54919
5 1.78881 1.563 .0027959 .161282

-1.78881 “
6 o’ 1.563 0 ---------

(18) (19) (20) (a) (22)

i

()
XqFi+~ Fi+l ~ ~+1 ,=i+$

~(19)?(20) ‘== -J=(17)32 ?2

o 73.80 4.339991 -15.22 -10.88097 0

1 69.67 7.0@293 -15.10 -8.09~7~ .0587995

2 61.41 7.967272 -14.56 -6.59273 ●1593922

3 49.02 7.283391 -13●00 -5●71661 ● 289131.2

4 32.50 5.150795 -9.60 -4.4@2 .4377112

5 11.85 1.911192 -3.70 -1.78881 .59619[2

6 ----- ------ .7574792

-—-- —-——- -- -——- -— ....—.-— .—---- - ..,- - .. -
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TABE XII-Concluded

~ MHTOD (MODETED)FORCALCOUTIR3FIFm—mFmnI c Km cuJmKFmr

0FEENDIF2KMHW FOR AR3URU FLXEDA1’FTWT

(c) (!alcdati.n of c.

(19) (20) (a) (z?) (23) (24) (a)

i
C!

x%~

1.0 + (19)*+ 22)*+ (3)*
xc . k % Ft+L%

(21)*W:(23)* E
x%%pf~ - (Pb)d

Y ~=1 M 2
. (24) + (5”)*

o o’ 0 0 0 0 0 0
1 1.0 .&3U63 .c01563 .la?.99421 o 0 0.

2 yLJ399399 .WL296 .c04959 .&340347 .001763 .WK%J52 .0364552
3 .W5335 .ololgk .4%T53% ,W6422 .0265236
k

.oRy-@
4:94643557 .00TK31. .017s% .58260313 .OL6617 .0%236 .10MY7’5

5 6.63c69@J .010363 .023290 .3323634 .034543 .1426640 .24427U
6 , 8.EIo204@ .O@* .04UZ2 o .062833 .mo18 .5037734

(d)Calculation of M.

(26) (2’7) (28)

i
bfHo @

(1) + (% + (Q7)

o 147.s 147.5
.1 WL 314 J-.8 102.704
2 199.443 .i7.6iJ72 69.102
:- E52.453 -L25.6261 43.4B

321.169 -B2.0306 23.79k
5 397.672 -24.4.WJ96 9.MI1
6 464.725 -WEV o
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STAGE 1 -ROLLEDALU:lIXWITLZl?103317COTINXRTFITTIKC
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ToPsLT,FACE
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Figurel.-Bladeconstructiofidetails.
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Figure 2.- Strain-gage locationa
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(a)Hovering, hinge& ahroot condition; rotor speed, l@O rpm.

Figure6.-Comparison of theoretical and experimmtal bending-moment

distributions. e = 8°;1,= -0. O~; EI = 16,000 pound-inchea2.
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(b)Homring,fixed-at-rootC@tion; PO= OO;rotor apeecl,800 rpm.

Figure 6.- Concluded.
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7: *= .445

59-

(a) v = 0.10. ‘

Figure7..Bending-momenttracesfromoscillographrecotis.Hinged-at-
rootcondition;e.=’80;a = -5°;rotorspeed,800rpm.
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(b) P-=0.22. .
.

Figure7.-Continued
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(c)~=0.30..

Figure7.-Continued.
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(d)~=,0.40.

Figure7.-Continued.
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STATION4,

-130’
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5TAT\ON $

I s-r4T\oN 5

20+

SVmcn4 ‘+

(e) p = O.~.

FigureT.- C!oncludedo
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Figure 8.- Maximum-kzuiing-mment di~tributlon. Hinged-at-root
condltim;o = 8°;a = -5°;k= 235°;rotorswed,800rpm;
EI= 16,OOOpound-lnches2.
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I Figure9,-Hmmonlc-bending-momentdidribution. ‘Hinge&at-root condi-

1
tion; p = 0.22; rotor ,gpeed,W rpm; t?= 8°; a = -5°; L = -0.03~;

i ~~
EI= 16,~0poM-inches2.
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R@re lo. - Comparlson of theoretical and experimentalmaxinlwbending-
moment dlstributiona. Hinged-at-root condition; p = O.22; rotor
speed, 800 rpm; .9= 8°; a = -~o; h = -0.03fi; H = 16,000 pound-
inche$.
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Figure 11.- Comparlson of theoretical amd experimental harmonic-~ ing-
mownt diStj?ibUtiOIJB . Hingal-at-root condition; p = O.22; rotor
speed, 800 rpm; .9= 8°; a E -50; A = -0.03~; EI = 16,000pOIU&
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(a) p = O.Is;rotorspeed,GOOmm.

Figure 12. - Bending-momentImacesfrom oscillographrecords.Fixed-at-
rootcondition;190= OO;a = -5°.
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(b) v . 0.30; rotor speed, @ rpm,

Figure12.-Conttiud.
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(c) v = O. 47; rotor speed, L% rpm.

Figure 12.- Contlnu~.
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1 (d) v = O.60; rotor speed, @Cl rpm.
I ~
I Fig& 12.. Continued..
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(e) l.LE O.t!O; rotor

Fi&!Jlre12.- Continual.
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(f) w = 0.$0; rotor speed, 500 rpm.
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Figure13.- Sample
condition;

tracesfrom
0=8°; a=

oscillograph
-so;station

records. Fixed-at-root
9,r/R= 0.296.
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i, ~P’ .15;600R.P.M.;I/I.=180°
j _+_ K.=.S0;600R.P.M.;1#= 1.80°
i~ y= .47;@l H.P.M.; ~.=180°,
‘ +#.’ ,60;600R.P.M.;+.=165°
i. ~ P= .80;500R.P.M.;I+.=160°

Figure 14. - Maximum-berWng- moment distribution. Fixed-at-root condi-
tion; p . oo; ,g. Bo; a = -50; EI . 16,000 pound-inches2, 4

U
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Figure 15. - Harmonic-bend.in@noment did,ribution. Fixed-at-root condi-
tion; v = O.47; rotor speed, 600 rpmi ~ = OO; 6 = 8°; u = -5°;
L = -O.ok57; BI = I_6,0cQ pound-inches2.
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IY.gure 16. - Comparisonoftheoretical and experimentalhmmonlc-knding-‘
momentdistributions.I!Lxed-at-rootconditiu;v = 0.47;rotorspeed,
600rpm;P = OO;9 = 80;u = -5°;L = -O.0457;EI= 16,000pound-
inches2. .
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(b) IY_xed-at-root condition.

t Figure 17.- C!mclud~.
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(a)Hinged-at-rootcondition;rotorspeed,1000rpm.

il
.L

(b)Fixed-at-root

Figure18.- Sample
“e

.

.

condition;rotorspeed,400rprn.

oscillographrecordsshcndngresonance
= 12°; EI = 16,OOOpound-inches2.

phenomenon.

. ..—. — -. — —



I

I

I

I

1

I

(a) EI = 3000pound-lnches2.

I Figure 19.- Rotor-blade resonemce Btudy. Hovering, hinged-at-root
cond~tion; 9 = 1P. u
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(b) EI= I-6,000 pound-inches2.

Figure19.-

t

Continued.
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; (c) EI = 60,000 pounLinches2.

I
Figure 19. - Concluded.
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(a) EI = 3000 pound-tiches2. ~

E
Figure ZO.- Rotor-blade reBonance study. Hcw.ering,fix-at-root

condition; e = 120. :
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(b) EI=16,000pound-inches2.

Figure20.- contilnh%i.
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EI = &O,000 pound-inchea2. 8
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FIP 20.- Concluded. ~
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Figure 21.- Comparison between rotating and nonrotating natural bending
moies of the full-scale R-6 rotor blade.
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Figure 22.- Plot of total external loading on rotor blade
azimuth positionB for the De Guillenchmidt methcxi.
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1 Figure 23,- Natural modee of rotor blade. ITonrotating;EI . 16,000 pound-

inches2; ml . 0.006-93slug per foot.
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Figure 24.- Curvesof gl md @ for De Guillenchmidt msthoi.
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m- 25. - Plot shcwfng convergalce of mcdifi~ Gocdyear methd
calculating b-endingmomsnt on a rigid rotor blade,

for


